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Abstract 
Chemisorption of methane and catalytic performance in the joint conversion of CH4 and n-С5СН12 over supported monometallic 
catalysts were studied. The catalysts with Ir, Re or Pd supported on Al2O3 were shown to be more active in methane conversion 
as compared to the SiO2-supported catalysts. In the case of joint conversion of CH4 and n-С5СН12, the catalytic activity expressed 
in terms of the yield of aromatic hydrocarbons increases in the series of metals Re → Ir → Pd irrespective of the type of support.  
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1. Introduction 
In recent years, the activation of C–H bond followed by conversion of low-molecular alkanes is the subject of 
many experimental and theoretical studies owing to its great scientific and industrial importance. The cleavage of 
C–H bond in methane is of particular interest, because this is the first step in the conversion of natural gas into more 
valuable chemical products. The available studies and publications on non-oxidative conversion of methane can be 
divided into two large groups.  
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The first group includes the works dealing with the direct aromatization over zeolite catalysts at temperatures 
above 873 K. One of the first publications in the field was a paper by Wang L. and co-authors, who managed to 
subject methane to dehydroaromatization in a flow reactor over the Mo/H-ZSM-5 catalyst [1]. Although certain 
advances in investigation of zeolite catalysts were made in recent 20 years [2,3,4], the main difficulty related to the 
low stability of such catalysts (rapid deactivation) still remains unresolved. 
The second group covers the studies on the two-step non-oxidative conversion of methane over metal oxide 
catalysts at lower temperatures. At the first step, methane is chemisorbed at 573-723 K with the cleavage of C–H 
bond and formation of molecular hydrogen. If the produced H2 is removed from the system, the H-deficient CHx (x 
< 3) fragments soon appear on the catalyst, and C–C bonds can emerge between the adjacent fragments. However, 
the precursors of C2 hydrocarbons are bound quite strongly to the catalyst surface and cannot be desorbed by 
themselves. To remove them from the surface into the gas phase, holding in a hydrogen flow is necessary, often at a 
lower temperature – this is the second step [5, 6]. 
Recent studies revealed some catalytic systems able to activate the C–H bond in methane molecule for the both 
directions in non-oxidative conversion of methane. These are usually the transition metals. 
By now, many studies were performed to elucidate the main regularities of methane conversion on individual 
atoms of metals as well as on their mono- and bimetallic clusters [7, 8]. The analysis of literature data showed that 
the main emphasis was made on such metals as Pt, Ru, Rh, Co, Mo, and Ni; however, some other transition metals 
also deserve attention. 
This work is devoted to chemisorption of methane and its joint conversion with n-pentane in the presence of 
supported metal oxide catalysts (Pd/Al2O3, Re/Al2O3, Ir/Al2O3, Pd/SiO2, Re/SiO2, and Ir/SiO2). The correlations 
between conversion of the indicated molecules and features of the supported metal, its particle size and type of 
support were revealed. 
2. Experimental 
2.1. Catalyst preparation 
In the catalyst synthesis, the initial supports were represented by γ-Al2O3 (Ssp = 196.6 m2/g, Vpore = 0.42 cm3/g, 
dav = 86 Å) and SiO2 (Ssp = 320 m2/g, Vpore = 0.98 cm3/g, dav = 122 Å). Re, Ir and Pd metals were deposited on 
aluminum and silicon oxides, which were precalcined in a flow of dry air at 773 K, by impregnation from solutions 
of HReO4, H2IrCl6 and H2PdCl4. The samples dried at 393 K were calcined in flowing dry air at 773 K and then 
reduced in a hydrogen medium (Table 1). 
 
Table 1. Content of metals in the tested samples. 
Metal content on a catalyst, wt.% 
Pd Re Ir 
Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 
0.76 1.33 0.71 1.45 1.50 ≈1.0 
 
2.2. Characterization 
The size and localization of supported metal were determined on a JEM-2100 JEOL electron microscope 
(accelerating voltage of 200 kV, crystal lattice resolution of 0.145 nm) with an INСA-250 Oxford Instruments 
energy dispersive X-ray spectrometer. To prepare samples for transmission electron microscopy (TEM) 
examination, they were ground in an agate mortar and then dispersed in ethanol at a frequency of 44 kHz. The 
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resulting suspension was sprayed onto copper grips 3 mm in diameter that were covered with a perforated 
amorphous carbon film. The samples were deposited using an UZDN-2T ultrasonic disperser. 
Temperature-programmed reduction (TPR) was carried out on a AutoChemII 2920 (Micromeritics) precision 
chemisorption analyzer with a heat conductivity detector. 0.3 g samples with the particle size of 0.2-0.4 mm were 
precalcined at a temperature of 773 K in a flow mode. A mixture of 10 vol.% H2 in argon was used for TPR. Purity 
of the gases was 99.999 vol.%. Before the experiment, the samples were purged in a flow of high-purity helium for 
0.5 h. Temperature-programmed reduction started after establishing the baseline and recording the ТСD signal. TPR 
was performed in a temperature region of 308-723 (773) K, a measuring cell with the sample was heated at a rate of 
10 K/min. A flow rate through the reactor with the sample was 30 cm3(STP)/min. To establish the spectral baseline, 
the sample was held at the final temperature for 30 min. 
 
2.3. Catalyst testing 
The chemisorption properties of the catalysts toward methane were studied in a temperature range of 293-823 K 
at a СН4/Ме ratio of 10/1 mol/mol in a perfect mixing reactor. The catalyst was prereduced in flowing dry hydrogen 
at 773 K for 1 h. To remove weakly bound hydrogen from the catalyst surface, argon was fed to the reactor for 2 h at 
the same temperature. The catalyst was then cooled to room temperature in flowing argon. After the analysis of 
residual hydrogen, a mixture of methane and argon was fed to the reactor. Argon was used as the internal standard. 
The study of adsorption properties was followed by feeding of n-pentane into reaction medium with methane at 773 
K and C5H12/Ме ≈ 1/1 mol/mol. The contact time of (C5H12 + СН4)/Me/Al2O3(SiO2) was 60 s. 
3. Results and discussion 
Figure 1 displays TEM images of Ме/SiO2 samples. Dark palladium particles with a round shape and diameter of 
0.5-5 nm are observed in the SiO2 matrix (Fig. 1a). 
 
a    b    c 
         
 
Fig. 1. Transmission electron microscopy images of the samples: (a) Pd/SiO2; (b) Re/SiO2; (c) Ir/SiO2. 
The dispersed particles 0.5-3 nm in size and 5-30 nm rhenium conglomerates were detected on Re/SiO2 (Fig. 1b). 
For Ir/SiO2 (Fig. 1c), it was found that, along with the dispersed 1-10 nm particles, a large amount of iridium is 
represented by conglomerates with the size of 13-130 nm. 
Figure 2 illustrates TEM data for Me/Al2O3 samples. Palladium particles are not observed on the TEM image of 
Pd/Al2O3 sample (Fig. 2a1); however, the energy dispersive spectrum (Fig. 2a2) shows a signal corresponding to Pd. 
The absence of metal particles on TEM images may be related to their high dispersion and small sizes. The particle 
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size of Re and Ir deposited on alumina is less than 1 nm (Fig. 2b and 2c). It seems interesting that in the Ir- and Re-
containing samples the regions with conglomerates of metallic particles of these elements were found. 
 
a1    a2 
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Fig. 2. TEM images of the samples: (a1) Pd/Al2O3; (b) Re/Al2O3; (c) Ir/Al2O3. (a2) Energy dispersive spectrum of the region shown on the TEM 
image of Pd/Al2O3. 
The TEM data allow a conclusion that the dispersed metal particles on the Al2O3 surface are more homogeneous 
as compared to those on the surface of SiO2. 
Regularities in the reduction of supported metals were studied by means of temperature-programmed reduction. 
Fig. 3 shows the TPR profiles for Ме/SiO2 and Me/Al2O3 catalysts. 
For Pd/Al2O3 and Pd/SiO2 samples, the reduction takes place in the same temperature region with a maximum at 
368-370 K [9-11]. However, the intensity of the peak and its extension to the high-temperature region are more 
pronounced for Pd/Al2O3. Noteworthy is the absence of the negative peak in the low-temperature region, which 
corresponds to hydrogen desorption upon decomposition of palladium hydrides. For the Pd/Al2O3 sample, the total 
hydrogen adsorption corresponds to the reduction of Pd(II) to Pd(0), whereas for Pd/SiO2 it corresponds to the 
reduction of Pd(I) to Pd(0), which may be related to a partial reduction of palladium even at room temperature 
(Table 2). 
Rhenium oxide supported on SiO2 and Al2O3 has different reduction regions of the metal. For Re/SiO2, the 
temperature range of reduction is 423-673 K with Tmax at 533 K, while in the case of Re/Al2O3 the reduction starts at 
a temperature higher than 573 K, and the TPR profile has the hydrogen adsorption peak with a maximum at 692 K 
and an extended shoulder up to 973 K. The presence of several temperature maxima can be attributed to the 
reduction of different rhenium oxide species to Re0 [12, 13]. The area under the peak indicates that Re supported on 
SiO2 and Al2O3 is completely reduced to metallic rhenium in the studied temperature range (Table 2). 
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The TPR profile of Ir/SiO2 has the hydrogen adsorption peak with a maximum at 481 K, and the reduction 
terminates at a temperature lower than 573 K, whereas in the case of Ir/Al2O3, the reduction proceeds at higher 
temperatures with the adsorption maximum at 467 K and a shoulder in a range of 493-673 K. The total hydrogen 
adsorption corresponds to the reduction of IrO2 to metallic Ir
0 [14-16]. 
The obtained TPR data indicate that for the major part of Me/Al2O3 samples the peak maxima are shifted toward 
higher temperatures in comparison with Me/SiO2 catalysts, thus indicating a stronger metal-Al2O3 interaction. 
 
a      b 
   
Fig. 3. TPR of the samples: (a) Me/SiO2; (b) Me/Al2O3. 
Table 2. The amount of hydrogen adsorbed by catalysts upon reduction. 
Sample 
Maximum peak 
temperature, K 
Total hydrogen 
adsorption, Pmol/g H2/Ме, mol/mol 
Pd/Al2O3 370 78.7 1.1 
Ir/Al2O3 467, 506 188.0 2.4 
Re/Al2O3  
(heating temperature 308-973 K) 
692 145.9 3.8 
Pd/SiO2 368 51.7 0.41 
Ir/SiO2 481 115.0 2.2 
Re/SiO2 463, 533, 560 257.6 3.2 
 
 
Figure 4 displays the measurement data for methane chemisorption on the surface of Ме/SiO2 catalysts and the 
amount of hydrogen evolved at 293-823 K. Investigation of methane conversion on Pd/SiO2 showed that 
chemisorption starts at 748 K and is equal to 0.1 mol СН4/mol Pd. As the temperature is raised to 823 K, the amount 
of chemisorbed methane increases to 0.3 mol СН4/mol Pd (Fig. 4a). For Pd/SiO2, the hydrogen content in the 
reaction medium changes from 0.02 to 0.3 mol H2/mol Pd (Fig. 4b). 
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Fig. 4. Methane conversion in the presence of Мe/SiO2 catalysts: (a) chemisorbed methane; (b) amount of evolved hydrogen. 
 a      b 
  
Fig. 5. Methane conversion in the presence of Мe/Al2O3 catalysts: (a) chemisorbed methane; (b) amount of evolved hydrogen. 
Chemisorption of methane on Re/SiO2 starts at 773 K and is equal to 0.3 mol СН4/mol Re. The amount of 
chemisorbed methane increases with temperature and reaches 0.8 mol CH4/mol Re at 823 K (Fig. 4a). For Re/SiO2, 
the calculated amount of hydrogen evolved upon methane chemisorption is 0.2 mol Н2/mol Re at 773 K and reaches 
a maximum of 1.2 mol H2/mol Re at 823 К (Fig. 4b). 
As shown by the study of methane conversion on the Ir/SiO2 catalyst, chemisorption starts at 773 K (0.1 mol 
CH4/mol Ir). As the temperature is raised to 823 K, the amount of chemisorbed methane increases to 1.2 mol 
CH4/mol Ir (Fig. 4a). For Ir/SiO2, the hydrogen content in the reaction medium changes from 0.1 to 1.2 mol H2/mol 
Ir (Fig. 4b). Thus, in the series of Ме/SiO2 samples, Ir/SiO2 is the most active catalyst for chemisorption of methane 
under the chosen conditions. 
Figure 5 shows the measurement data for methane chemisorption on the surface of Ме/Al2O3 catalysts and the 
amount of hydrogen evolved at 293-823 К. On the Pd/Al2O3 catalyst, chemisorption of methane starts at 748 K and 
is equal to 0.1 СН4/mol Pd. As the temperature is raised to 823 K, the amount of chemisorbed methane increases to 
0.7 mol CH4/mol Pd (Fig. 5a). For Pd/Al2O3, the calculated amount of hydrogen evolved upon methane 
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chemisorption at 748 K is equal to 0.1 mol H2/mol Pd, and at 823 K it reaches a maximum of 1.1 mol H2/mol Pd 
(Fig. 5b). 
The study of methane conversion on the Re/Al2O3 catalyst revealed that the onset of chemisorption corresponds 
to 773 K and its value is 0.1 mol CH4/mol Re. As the temperature is raised, the amount of chemisorbed methane 
increases to 0.6 mol CH4/mol Re at 823 K (Fig. 5a). For Re/Al2O3, the amount of evolved hydrogen is equal to 0.1 
mol H2/mol Re at 773 K and reaches a maximum of 0.8 mol H2/mol Re at 823 K (Fig. 5b). 
According to investigation of methane conversion on the Ir/Al2O3 catalyst, chemisorption starts at 723 K and is 
equal to 0.2 mol CH4/mol Ir. With a rise of temperature to 823 K, the amount of chemisorbed methane increases to 
1.3 mol CH4/mol Ir (Fig. 5a). For Ir/Al2O3, the hydrogen content in the reaction medium changes from 0.1 to 2 mol 
H2/mol Ir (Fig. 5b). 
In the series of Ме/Al2O3 samples, Ir/Al2O3 is the most active catalyst for chemisorption of methane. 
 
a       b 
    
Fig. 6. The H/C ratio of adsorbed methane particles on the catalyst surface: (a) Me/Al2O3; (b) Ме/SiO2. 
The obtained dependences of methane adsorption and amount of evolved hydrogen were used to calculate the 
H/C ratio of the formed CHx particles on the surface of Me/Al2O3 and Me/SiO2 catalysts (Fig. 6). 
The calculated H/C ratio of the particles formed on the Pd/Al2O3 surface at 748 K is 2.0 at./at. As the temperature 
is raised, the degree of methane dehydrogenation increases and at 823 K the H/C ratio reaches 0.9 at./at. For 
Pd/SiO2, H/C at 748 K is 3.6 at./at, and at 823 K it reaches 2.1 at./at. Thus, the H/C ratio for CHx particles formed on 
the surface of both catalysts indicates that the degree of methane dehydrogenation on Pd/SiO2 is more than twofold 
lower as compared to Pd/Al2O3. 
For Re/Al2O3 and Re/SiO2 catalysts it was found that the degrees of methane dehydrogenation are close over the 
entire range of temperatures; for example, at 798 K H/C for Re/Al2O3 is 1.7 at./at., and for Re/SiO2 1.9 at./at. 
The calculated H/C ratio of the particles formed on the surface of Ir/Al2O3 at 723 K is equal to 2.8 at./at. The 
degree of methane dehydrogenation increases with temperature and at 823 K the H/C ratio reaches 1.0 at./at. For 
Ir/SiO2, H/C at 723 K is 4 at./at., and at a temperature of 823 K, 1.9 at./at. Thus, the degree of methane 
dehydrogenation over Ir/SiO2 is nearly twofold lower as compared to that on Ir/Al2O3. 
At 823 K n-pentane was fed into the reaction medium with methane. As seen on Fig. 7, for the series of Me/SiO2 
catalysts the yield of aromatic hydrocarbons (benzene and toluene) is relatively low, 0.03-0.07 mol/mol Me. In the 
case of Re/Al2O3 and Ir/Al2O3 catalysts, the yield of arenes differs only slightly from that on Re/SiO2 and Ir/SiO2 
and is equal to 0.03-0.05 mol/mol Me. The highest yield of arenes, 0.11 mol/mol Pd, was observed for Pd/Al2O3. 
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Fig. 7. The yield of aromatic hydrocarbons upon joint conversion of methane and n-pentane in the presence of 
supported metal oxide catalysts. 
4. Conclusion 
The study showed that particles of metals (Pd, Re, Ir) supported on the alumina surface are more homogeneous 
and dispersed in comparison with the samples based on silicon oxide. Activity of the catalysts in the conversion of 
methane and n-pentane was found to depend on the distribution of particles over the support. At relatively close 
values of methane chemisorption on the catalysts with a same metal on different supports, a substantial growth in 
the yield of hydrogen was observed for Me/Al2O3 samples. This testifies to a higher activity of these catalysts in the 
conversion of chemisorbed methane. In the case of joint conversion of methane and n-pentane, activity of the 
catalysts expressed in terms of the yield of aromatic hydrocarbons increases in the series of metals Re → Ir → Pd 
irrespective of the support type. 
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